The Nilaparvata lugens (Stål) is a major rice pest in Asia. Nitenpyram is a novel neonicotinoid insecticide developed by Takeda Chemical Industry Co., Ltd. The effects of sublethal concentration (LC 30 ) of this insecticide on life-table parameters and wing formation of N. lugens were studied in the laboratory. The results showed that nitenpyram could reduce the fecundity of N. lugens to a great extent and demonstrated further activity against this pest in addition to direct toxicity. The fecundity (eggs per female) of N. lugens treated with a sublethal concentration of nitenpyram was 75.4% of the control in macropterous cohorts, and 69.8% in brachypterous cohorts. A sublethal concentration of nitenpyram showed the significant induction of macropterous adults in both macropterous and brachypterous cohorts, which are important in the control of N. lugens, particularly in the prediction of emigrating populations in newly colonized areas.
INTRODUCTION
The brown planthopper, Nilaparvata lugens (Stål) (Homoptera: Delphacidae), is a major pest of rice, Oryza sativa L., in Asia, causing substantial yield loss in most rice-producing countries and inducing symptoms commonly referred to as 'hopper burn' (Backus et al., 2005; Wang and Wang, 2007) . In China, outbreaks of this planthopper have occurred frequently in recent years (Jiang et al., 2005; Gao et al., 2006) . Wing polymorphism in this insect is known to be a common and ecologically important trait. Adult N. lugens can be either short-winged (brachypterous) or long-winged (macropterous). Long-winged adults possess longdistance migration ability, and could initiate populations in other new areas, creating difficulties in controlling this pest (Syobu et al., 2002; Huang et al., 2003) .
Insecticides have been extensively used to control N. lugens (Endo and Tsurumachi, 2001; Yoo et al., 2002) , resulting in the development of resistance in different countries and areas (Nagata, 1982; Gao et al., 1987; Hirai, 1993) . For example, imidacloprid was used to control this pest for more than 10 years in China, usually in several forms, such as 70%, 25%, 10% (WP), 20 g/l, 100 g/l (SL) et al. Farmers often applied imidacloprid to every generation of N. lugens to prevent its outbreak in many rice-growing areas in China. Continuous use of imidacloprid to control N. lugens has resulted in a gradual decrease of efficacy against the pest, with the resistance levels in Nanning, Haiyan, Nanjing and Tongzhou populations ranging from 200-to 799-fold compared with the susceptible strain . Also, certain insecticides could stimulate the reproduction of N. lugens Reissig et al., 1982) . One of the important factors causing the resurgence of insect pests is the stimulation of reproduction and survival by sublethal doses of insecticides; for example, jingganmycin at 75 g a.i. ha Ϫ1 significantly increased the N. lugens population (Wu et al., 2001) .
The use of reduced rates of insecticides can lead to the exposure of N. lugens to sublethal concentra-tions. In paddy fields, the effective concentration becomes a sublethal concentration when N. lugens populations develop resistance to the insecticides. In both cases, the low concentration of some insecticides is likely to increase the reproductive rate of N. lugens and may eventually lead to the resurgence of this pest (Chelliah and Heinrichs, 1980; Haque et al., 2002) .
Nitenpyram is a neonicotinoid insecticide developed in Japan during the 1990s (Minamida et al., 1993a) . It binds to nicotinic acetylcholine receptors, interfering with normal nerve transmission (Tomizawa and Casida, 2003) and has low mammalian toxicity and high toxicity to insect pests, including fleas, musca and drosophila (Kashiwada, 1996; Tomizawa et al., 1996) . Thus, it is considered to be an ideal insecticide for the control of sucking insect pests, such as aphids and whiteflies; however, little knowledge exists regarding the response of N. lugens to nitenpyram.
Although the effects on fecundity and wing formation by some insecticides, such as imidacloprid and dinotefuran, have been reported (Bao et al., 2009) , these insecticides will be gradually replaced by other pesticides, because the resistance of N. lugens to these insecticides has developed quickly in recent years (Wang et al., 2008) . Therefore, it is important to find a new effective pesticide for N. lugens control. The present paper reported the sublethal effects of nitenpyram on life-table parameters and wing formation of N. lugens in the laboratory, which will be useful to evaluate the potential of nitenpyram in N. lugens control.
MATERIALS AND METHODS

Insects and insecticides.
A susceptible strain of N. lugens has been maintained with rice seedlings at 26Ϯ1°C and a photoperiod of 16L8D for more than 2 years at the Institute of Entomology, Sun Yat-Sen University, Guangzhou, China without any exposure to insecticide. Technical nitenpyram (98.0%) was provided by the Plant Protection Research Institute of Guangdong Academy of Agricultural Sciences.
Bioassay. A bioassay was undertaken using the rice-stem dipping method (Zhuang et al., 1999; Wang et al., 2008) . Fifth nymphs were used as test insects in this study. Nitenpyram was diluted in distilled water to five concentrations, each of which was half of the previous concentration (2, 1, 0.5, 0.25, 0.125 mg l Ϫ1 ). Rice plants at tillering to booting stage were collected and washed thoroughly. Rice stems (about 10 cm length) with roots were cut and air dried to remove excess water. Three rice stems were grouped and dipped into appropriate insecticide solution treatments for 30 s. After the rice stems had been air dried, moistened cotton was used to wrap the rice roots. The treated rice stems were then placed into a 500 ml plastic cup. Twenty 5th nymphs were introduced into each plastic cup using a vacuum device. Distilled water treatment was used as a control. Both the concentration and distilled water treatments were replicated five times. Mortality was recorded after 48 h. The treated insects were maintained at 26Ϯ1°C and a photoperiod of 16L8D. The nymphs were considered dead if they failed to move after being gently prodded with a fine brush.
Sublethal effects of nitenpyram on life-table parameters and wing formation of N. lugens.
Fifth nymphs were collected and reared separately until adulthood, and then the unmated adults were divided into four groups: (1) macropterous females, (2) macropterous males, (3) brachypterous females and (4) brachypterous males. They were fed with rice stems which had been dipped into the calculated sublethal concentration (LC 30 ) of nitenpyram for 30 s, and the surviving insects were collected after 48 h. The distilled water treatment was used as a control. One macropterous female and one macropterous male were released into plastic pots (30 cm high, 16 cm diam.) with rice seedlings for mating to initiate a macropterous cohort. Ten macropterous cohorts for the control and nitenpyram treatment were established. Brachypterous cohorts were also established by pairing unmated brachypterous females and males: 10 brachypterous cohorts for the control and nitenpyram treatment were also established. All cohorts were reared under 26Ϯ1°C, 16L8D photoperiod conditions.
The sublethal effects of nitenpyram on the lifetable parameters of N. lugens were analyzed by constructing their life tables, which were constructed according to the method of Liu and Han (2006) . One hundred neonates were collected randomly from each cohort as founders of the experimental population and reared for a generation at 26Ϯ1°C and a photoperiod of 16L8D. When the neonates had developed into 3rd and 5th nymphs, the hoppers were transferred to fresh rearing cages and assessed for the survival rate from neonate to 3rd nymphs (S u 1) and from 3rd to 5th nymphs (S u 2). The emerged males and females were thereafter collected everyday. At the same time, the emergence rate (E r ) and female ratio (F r ) were recorded. The rice shoots on which the adults had been feeding were then inspected thoroughly, and the numbers of unhatched eggs were recorded. Females which had not produced any eggs were considered to have failed in copulation, and the copulation rate was recorded (C r ). Fecundity (F y ) was recorded as the average number of eggs produced by the copulated females, and the hatchability (H y ) was calculated as (total neonates)/(total neonates plus all unhatched eggs). The experiments were carried out with five replications. The population growth index (I) was calculated by the following equation:
N t ϭNoϫS u 1ϫS u 2ϫE r ϫF r ϫC r ϫF y ϫH y
IϭN t /No
where No is the number of individuals in the initial population, N t is the number of individuals in the population of the next generation, and all factors were standardized (arcsin square-root transformation).
For the controls and nitenpyram treatment, 20 neonates of the new generation were reared in plastic pots (30 cm high, 16 cm diam.) with rice seedlings under controlled conditions (26Ϯ1°C and 16L8D). Fresh rice seedlings were provided every 3 days until adult emergence. For the control and nitenpyram treatments, the number of macropterous females and males, and brachypterous females and males were recorded, and the percentages of macropterous females and males were determined. The experiment was carried out with five replications. Data analysis. All data were analyzed by SPSS ® , Version 11.5, and the sublethal concentration estimates were determined by probit analysis.
Student's t-test was used to determine the significance of differences between nitenpyram treatments and the control.
RESULTS
Relative toxicity of nitenpyram against N. lugens
Based on the rice-stem dipping method and replications, the LC 30 and LC 50 values and 95% confidence were 0.30 and 0.72 mg l Ϫ1 at 48 h after treatment, respectively ( pϽ0.05) ( Table 1 ). The LC 30 was used as the reference of sublethal concentration in further experiments.
Life-table parameters of N. lugens treated with sublethal concentration of nitenpyram
The results in Table 2 show that, in the laboratory, the N. lugens population of macropterous and brachypterous cohorts treated with the LC 30 concentration of nitenpyram could increase 46.82 and 56.68 times in one generation, but in controls, populations increased 89.16 and 102.65 times, respectively. There were significant differences ( pϽ0.05) in the survival rate from 1st to 3rd nymphs and from 3rd to 5th nymphs only in macropterous cohorts. Also, there were significant differences ( pϽ0.05) in the fecundity, copulation rate and emergence rate in both macropterous and brachypterous cohorts. There were no significant differences in the hatchability and female ratio in either macropterous or brachypterous cohorts.
Nitenpyram showed significant effects ( pϽ0.05) on fecundity in both macropterous and brachypterous cohorts at the LC 30 concentration. Females laid fewer eggs than the control, and macropterous cohorts always laid fewer eggs than brachypterous cohorts.
Sublethal effects of nitenpyram on wing formation of N. lugens
A sublethal concentration of nitenpyram showed significant induction ( pϽ0.05) of macropterous adults in both macropterous and brachypterous co- horts compared with the controls (Table 3 ). Both in macropterous cohorts and in brachypterous cohorts treated with distilled water only, the percentages of macropterous females and males were significant different ( pϽ0.05) from those treated with nitenpyram. The percentages of macropterous females in macropterous and brachypterous cohorts treated with nitenpyram were 1.55-fold and 2.52-fold that of the control groups. Both in macropterous and brachypterous cohorts, a sublethal concentration of nitenpyram increased the percentages of macropterous females and males.
DISCUSSION
Nitenpyram's broad spectrum of efficacy, together with systemic and translaminar action, pronounced residual activity and a unique mode of action, make it a rapidly increasing insecticide (Minamida et al., 1993b; Alfred et al., 2008) . It is considered to mimic the mode of action of nicotine, acting as an agonist of nicotinic acetylcholine receptors in postsynaptic nerve membranes (Bai et al., 1991; Chao et al., 1997) . Its systemic properties and long residual activity make them ideal insecticides against sucking pests.
Insecticide-stimulated pest reproduction is an important ecological mechanism of pest resurgence. The phenomenon of reproductive stimulation of pests by sublethal doses of insecticides has been observed in several pests treated with different insecticides. For example, increased fecundity had been observed in two-spotted spider mites and cotton aphids following triazophos and bifenthrin treatments, respectively (Dittrich et al., 1974; Kerns and Stewart, 2000) . It was also reported that 572 J. ZHANG et al. MeanϮSE is the mean of three replicates and standard error. Student's t-test: * and ** indicate significant differences between the treatment and control at pϽ0.05 and pϽ0.01, respectively. a sublethal dose of imidacloprid could reduce the fecundity of the cotton aphid and two green leafhopper species (Widiarta et al., 2001; Conway et al., 2003) . Insecticide hormoligosis has been previously reported for N. lugens treated with diazinon, monocrotophos, malathion, deltamethrin, fenvalerate and triazophos (Chelliah and Heinrichs, 1980; Zhuang et al., 1999; Haque et al., 2002; Bao et al., 2009) . As brachypterous cohorts of N. lugens are settled insects whose development rate is higher, and reproductive capacity is stronger than that of macropterous cohorts, it can more easily cause serious damage to rice (Ayoade et al., 1996a) . In the present study, lower fecundity was observed in N. lugens treated with sublethal concentrations (LC 30 ) of nitenpyram. The results suggest that the sublethal effects of nitenpyram on the fecundity of brachypterous cohorts are more marked than in macropterous cohorts, indicating that nitenpyram could serve as an effective alternative to conventional pesticides in the control of N. lugens. Some studies have reported that temperature, humidity, light, different bio-type and other factors could have certain effects on the wing formation of N. lugens (Iwanaga and Tojo, 1986; Syobu et al., 2002) . Bao et al. (2009) reported that when sublethal doses of imidacloprid and dinotefuran induced macropterous adults of N. lugens, the ratio of macropterous adults significantly increased. In our studies, the significant effect of a sublethal concentration of nitenpyram on wing formation in N. lugens was observed. Both in macropterous and brachypterous cohorts, a sublethal concentration of nitenpyram significantly induced both female and male macropterous adults. Nitenpyram showed higher induction effects on macropterous adults in brachypterous than macropterous cohorts, and also showed more marked effects on macropterous females than macropterous males in both macropterous and brachypterous cohorts.
It was reported that the induction of macropterous adults in N. lugens might be caused by the insecticide acting on the endocrine system in a manner similar to that of the precocenes (Ayoade et al., 1996a, b) . It was suggested that juvenile hormone plays an important role in insect metamorphosis, including wing formation in N. lugens ; therefore, some insecticides influencing juvenile hormone synthesis may have effects on wing formation. Nitenpyram may similarly influence the juvenile hormone synthesis of N. lugens and result in effects on wing formation, the detailed mechanism of which should be studied further in the future.
Based on these analyses, we thus drew the conclusion that nitenpyram can be considered a promising effective pesticide for N. lugens control.
